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SYNOPSIS The stress-strain relationships of sand after liquefaction were studied by conducting torsional shear tests under several 
conditions. A prescribed number of cyclic loadings were applied first, then a monotonic loading _was applied in undrained 
condition. The stress-strain relationships during the monotonic loading are discussed. The stress-stram curves were affected by 
excess pore pressure ratio, soil density, confining pressure and severity of liquefaction. The shear modulus decreased to less than 
111000 due to liquefaction, and shear strain increased more than 10% with very low stress in the liquefied specimen. And, there 
exists a so called "reference strain at resistance transformation YL " which increases with decreases in soil density and severity of 
liquefaction. 
INTRODUCTION 
It is necessary to know the post liquefaction behavior of sand 
to estimate large displacements of ground or the settlement of 
structures due to liquefaction. However, this behavior has not 
been clarified because studies on liquefaction have focussed 
mainly on methods to estimate the occurrence of liquefaction. 
Therefore, the stress-strain relationships of sand after 
liquefaction were studied by conducting torsional shear tests 
under several conditions of density, confining pressure, and 
severity of liquefaction. In the tests, a prescribed number of 
cyclic loadings was applied to induce a prescribed excess pore 
water pressure. Then, a monotonic shear stress was applied. 
TEST APPARATUS 
A cyclic torsional shear test apparatus was used in this study. 
Test specimens were hollow cylinders of 10 em in outer diameter, 
6 em in inner diameter and 10 em in height. Torsional shear 
stress was applied at the top of the specimen in a horizontal 
direction with rotational movement of a vertical pi unger rod. 
The rotational movement of the rod was generated with a loading 
cylinder in cyclic shear tests and with an electric motor in 
monotonic shear tests. Torsional force, rotational angle and 
pore pressure were measured by a torque pick up, a potentiometer 
and a pressure transducer, respectively. One pair of gap sensors 
were also used for measuring very small rotational angles. 
TEST CONDITIONS 
The sample used in this study was Toyoura sand, which is the 
standard sand in Japan. The mean diameter and fines content 
of the sand was 0.208 mm and 0%, respectively. The maximum 
void ratio was 0.977, and minimum ratio was 0.605. 
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The tests were conducted under the following test conditions to 
clarify the effects of density, confining pressure excess pore 
pressure and severity of liquefaction: 
(1) relative density: Dr= 0%, 30%, 50% and 70% 
(2) confining pressure: 00'= 0.25, 0.5, 1.0 kgf/cm2 
(3) excess pore pressure ratio: t:..u/oo'= 0, 0.3, 0.6, 0.9 and 1.0 
( 4) severity of liquefaction : FL = 1.0, 0.95 and 0.9 
TEST PROCEDURES 
In the tests for relative densities of30%, 50% and 70%, specimens 
were prepared by pouring dry sand into molds through a funnel 
from constant heights. The density of the specimens was 
controlled by the height. In the tests for 0% relative density, 
which is very loose, a special technique for preparing the 
specimen was adopted; a slightly wet sand with 1-2% moisture 
content was carefully filled into a mold without tamping. 
Mter saturating the specimens and applying back pressure, oBP, 
of 2.0 kgf/cm2, a prescribed number of cyclic loadings of 0.1 
Hz was applied to the specimens in undrained condition. The 
cyclic loading was terminated when the excess pore pressure 
ratio, or FL , reached a prescribed value. Then, a monotonic 
loading was applied during undrained condition with a relatively 
high speed of y = 10% in a minute, as shown in Fig.l. 
Relationships among shear stress, "t, excess pore pressure, t:..u, 
and shear strain, y , in the monotonic loading are discussed in 
this study. The amplitude of cyclic loading was controlled to a 
prescribed value which produced liquefaction in 20 cycles. 
Therefore, the amplitude of each density was different. 
If the number of cycles of cyclic loading was less than 20, 
liquefaction did not occur. However, the stress-strain 
relationships during the monotonic loading were affected by 
the excess pore pressure induced during the cyclic loading. 
Cyclic loading was terminated when llu/oo' reached 0 or 0.3, 
0.6, 0.9, 1.0. The number of cycles was 0 when !J..u/oo' = 0 and 
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Fig.l Procedure of cyclic loading and monotonic loading 
20 when Au/cro' was 1.0. 
On the contrary, liquefaction occurred when the number of 
cycles during the cyclic loading exceeded 20, and the severity 
of liquefaction increased with the number of cycles. The severity 
of liquefaction was indicated by the factor of safety against 
liquefaction, FL, in this study. If the number of cycles, N, was 
20, FL equalled 1.0. In the case of N > 20, N for prescribed 
FL can be calculated by the following equation, which was 
derived based on the normalizing method proposed by Tatsuoka 
et al. (1980). 
N = 20 ( FL ) 11b (1) 
where: b = - 0.17 in clean sand 
Therefore, cyclic loading was terminated at N = 27 and N = 37 
in FL = 0.95 and FL = 0.9, respectively. 
TEST RESULTS FOR D~RENT PORE PRESSURE 
RATIOS 
Figure 2 shows the stress-strain curves and the excess pore 
water pressure-strain curves in the case of Au/ao' = 0. Shear 
stress increased rapidly with shear strain up to y ='i 1%. Then, 
(kgf/cm2) 
3.0 
"' :3 g 2.0 
Cll 
... 1.0 Ill Q) 
~ 
!I) 0.0 
'-S ! ~ -1.0 
3::: e e a.-2.o 
8. -3.0 
Fig.2 Stress-strain curves and strain-pore pressure curves 
(11ula0'=0, static, a0'=0.5kgf/cm2) 
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the shear stress increased gradually with shear strain in the 
case of Dr ~ 30% . On the contrary, the shear stress decreased 
gradually in the case of Dr= -1.9%. Pore pressure increased 
with shear strain up to y ='i 2%, then decreased, in the case of 
Dr ~ 30%. However, the pore water pressure did not decrease 
in the case of Dr= -1.9%. 
Figure 3 (a) and Fig.3(b) in which the scales of the axes are 
enlarged, show stress-strain curves and excess pore water 
pressure-strain curves in the cases of Au/cro' = 1.0 and FL = 
1.0. Shear strain increased with very low shear stress up to y > 
10%. Then, after a resistance transformation point the shear 
stress increased comparatively rapidly with shear strain, 
following the decrease of pore water pressure in the cases of 
Dr~ 30%. However, quite little shear stress was generated up 
to y = 47% without dropping the pore water pressure in the 
case of Dr= -5.2%. 
Fig.3 Stress-strain curves and strain-pore pressure curves 
(Au/a0'=1.0, FL=l.O, a0'=0.5kgf/cm2) 
Figure 4 compares the stress-strain curves in different pore 
water pressure ratios and FLs. As shown in this figure, shear 
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Fig.4 Comparison of stress-strain curves 
RELATIONSHIPS BETWEEN G/Go.; AND Au/cr/ OR FL 
The rate of reduction of shear modulus, G/Go,;. was calculated 
from test results to know the reduction rate of shear modulus 
due to liquefaction. G0,; and G1 were defined as the secant 
moduli of the stress-strain curves at y = 0.1% in the case of 
Au!av' = 0 and at y = 0.1 or 1.0, 3.0% in the case of Au/oo' > 0, 
res~tively. Figure 5 shows relationships between G/Go,; and 
Au!ao . It can be seen that G/Go,; decreased with an increase 
in Au/CYJ' and reached a very small value. If the G0,; at y = 
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Fig.5 Relationships between G/Go,; and Au/CYJ' 
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the ground before and after liquefaction, respectively, G/Go,; 
in Fig.5 is almost 0.001. This means that the shear modulus of 
the ground decreased to almost 111000 due to liquefaction. 
Figure 6 shows relationships between FL and G /Go;. FL values 
greater than 1.0 were also calculated by Eq.(l). As shown in 
this figure, G1 decreased less than 111000 in the range of FL< 
1.0. Therefore, it can be said roughly that the shear modulus 
decreases to less than 111000 due to severe liquefaction, and 
varies with the severity of liquefaction. 
Yasuda et al. (1992) proposed a simple method to estimate 
large ground displacements due to liquefaction. As the parameter 
G/Go,; is used in the methOd, test results in this study will be 
utilized in such a kind of analysis. 
0.1 
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Fig.6 Relationships between G/Go.i and FL 
RELATIONSHIPS AMONG yL, Dr, CYJ' AND FL 
As shown in Fig.3 and 4, shear stress increased comparatively 
rapidly after a resistance transformation point. The amount of 
strain up to the resistance transformation point is called here 
!he •: reference strain at resistance transformation, '{L" as shown 
m Fig.7. yL thus defined are plotted with Dr and FL in Fig.8, 
resistance transformation 
point -.......... 
reference strain at 7 • 
!------resistance transformati~ 
r 
Fig.7 Definition ofyL 
and with Dr and ao' in Fig.9. yL increased with decreases in , 
Dr and FL and with increase in cro' . In the case of Dr == 30% 
and FL = 0.9, yL reached a very large strain, almost 60%. 
A detailed method for the estimation of large ground 
displacements due to liquefaction based on the yL or stress-st~in 
curves studied here will be developed hereafter. However, a 
simple estimation for permanent ground displacement due to 
liquefaction is tried here, based on Fig.9 under the following 
assumptions: 
(1) A model ground with gentle slope is liquefied from ground 
surface to the depth of-10m. FL, Dr and unit weight, yr. of the 
liquefied layer are 0.95, 30% and 1.9 tf/m3, respectively. 
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Fig.8 Relationships among yL, Dr and FL 
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Fig.9 Relationships among yL, Dr and cro' 
Figure 10 shows the distribution of the estimated permanent 
ground displacement. As shown in this figure, the displacement 
increases from the bottom of the liquefied layer to the ground 
surface. And the permanent ground displacement at ground 
surface can be estimated as 3.5 m. 
liquefied layer 




Fig.IO A simple estimation for permanent ground displacement 
CONCLUSIONS 
Torsional shear tests on saturated sand were conducted under 
several conditions to ascertain the post liquefaction behavior of 
the sand. The main conclusions are as follows: 
(1) stress-strain curves are affected by the excess pore water 
pressure ratio, Au/cro', and by the factor of safety against 
liquefaction, FL. 
(2} the shear modulus decreases to 111000 or less due to 
liquefaction and varies with FL. 
(3} there exists a so called " reference strain at resistance 
transformation, yL," which increases with decreases in relative 
density and FL and with increase in cro'. 
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